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Introduction
Systemic AL (amyloid light-chain) amyloidosis is a protein conformation disorder caused by a clonal plasma cell dyscrasia. Symptoms result from fibrillar extracellular deposits in kidney, heart, liver, gut, peripheral nervous system, and other tissues. The deposits disrupt organ function and ultimately lead to death. The prognosis of systemic AL amyloidosis is poor; probably less than 5% of all patients survive 10 years or longer. 1 Because it is a rare disease and basically related to multiple myeloma (MM), most of the treatment approaches have been adopted from the experiences in MM. Using conventional chemotherapy with melphalan/ prednisone, the median survival was 18 months. 2 Treatment with high-dose melphalan (HDM) and autologous stem cell transplantation (auto-SCT) can stabilize and even reverse the disease course. In 40% to 50% of patients, complete hematologic remission can be achieved, 3, 4 which leads to improvement of organ function in two thirds of these patients. A case control study showed the superiority of HDM compared with alkylator-based conventional chemotherapy regimens. 5 However, HDM causes a high transplantrelated mortality (TRM) up to 43%. [6] [7] [8] Major progress to decrease mortality of high-dose chemotherapy has been achieved by definition of risk groups to identify patients who will not benefit from HDM. 3, 9 The treatment of patients with unresponsive disease or relapse after auto-SCT has only been evaluated in a few prospective studies so far. Thalidomide is an effective second-line therapy for MM 10 and has been tested as a single agent in patients with AL amyloidosis in a phase 2 trial. 11 Complete remission (CR) was not reached in any patient and 50% of patients experienced grade 3/4 toxicity. The combinations of dexamethasone-alpha interferon 12 or thalidomide/dexamethasone were also used and found to be effective but rather toxic in newly diagnosed patients. 13 The feasibility of a second auto-SCT after relapse as well as tandem auto-SCT has also been tested. 14, 15 A few anecdotal reports on successful allogeneic SCT (allo-SCT) have raised the possibility that allo-SCT could be a curative option for patients with AL amyloidosis. [16] [17] [18] [19] Here, we review retrospectively 19 patients with AL amyloidosis reported to the European Group for Blood and Marrow Transplantation (EBMT) registry who had undergone allo-SCT or syngeneic SCT (syn-SCT).
Patients, materials, and methods
This study was conducted on behalf of the Chronic Leukemia Working Party of the EBMT. All EBMT centers report a minimal essential data set (MED-A forms) into a central database. After identification of eligible patients, centers were contacted to get information about patients' history, amyloidosis manifestations, transplant course, detailed parameters of organ response, as well as hematologic remission and follow-up. Missing information and data inconsistency were clarified by individual requests. Data were stored at the Leiden EBMT Data Centre for analysis. Informed consent was obtained locally according to the regulations applicable at the time of transplantation. Approval for this study was obtained from the Institutional Review Board of the University of Heidelberg.
Definitions and diagnostic criteria
All patients have been evaluated for AL amyloidosis or MM by standard investigations. MM stage I was distinguished from AL amyloidosis if the bone marrow infiltration by plasma cells was at least 30% or monoclonal light-chain excretion in urine was greater than 1 g/d. 20, 21 The diagnosis of AL amyloidosis was done by positive Congo red staining of tissue biopsies. All patients had a monoclonal gammopathy in serum and/or urine. In 16 of 19 patients, immunohistochemistry was additionally performed to confirm the AL type of amyloidosis. 22 One further patient showed a typical clinical symptom of AL amyloidosis (macroglossia). 23 No patient had polymerase chain reaction (PCR) screening to exclude hereditary amyloidosis. 24 Overall, in 2 patients (unique patient numbers [UPNs] 21405051 and 38906001) who received transplants in 1997 and 1998, diagnosis of AL amyloidosis was based on the presence of a plasma cell dyscrasia and positive Congo red staining. Performance status (PS) was assessed according to World Health Organization criteria (good: PS Ͻ 2; poor: PS Ն 2). In our study, the definition of patients with high risk for TRM were age older than 50 years at SCT using matched unrelated donors or older than 55 years using matched related donors, poor PS, more than 2 organs involved, New York Heart Association classification stage more than II, and previous auto-SCT (excluding patients with a planned auto-allo approach). The definition of reduced-intensity conditioning (RIC) was determined by contributing centers and based on the current EBMT guidance. Toxicity was analyzed with National Cancer Institute Common Toxicity Criteria (CTC) version 2.0.
Hematologic response, relapse, and disease progression were defined according to published MM criteria 25 in all patients surviving to at least day ϩ100, and organ response was evaluated as early as 3 months after allo-SCT as published. 22 Overall survival (OS) was measured in months and defined as the time from the date of transplantation to the date of death or last follow-up. Progression-free survival (PFS) was defined as the time from transplantation until date of progression or death from any cause or last follow-up. TRM was defined as death due to any cause other than disease progression or relapse occurring at any time after transplantation.
Graft-versus-host disease grading and therapy
The local investigators used standard criteria to grade acute and chronic graft-versus-host disease (GvHD). 26 Treatment of acute and chronic GvHD was per each institution's standard practice guidelines.
Chimerism analysis
Chimerism analysis was performed per each institution's standard practice guidelines.
Statistical analysis
OS and PFS were estimated by the Kaplan-Meier method, and TRM and disease-related mortality were summarized using cumulative incidence estimates. Data were analyzed as of January 25, 2005 . The package CMPRSK (by R. Gray; version 2.1-2, 2002; run on R, version 1.6.2) was used for the computation of cumulative incidence curves. 27 
Results

Patient characteristics
Between 1987 and 2003, 20 patients with AL amyloidosis who underwent allo-or syn-SCT have been reported to the EBMT. Treatment centers are listed in the "Acknowledgments." One patient who received a transplant in 1987 had to be excluded from further analysis because of an incomplete data set. Four of the cases had been published as case reports and were updated for this analysis (UPN 23923221, 28 UPN 23491761, 16 UPN 7179454, 17 UPN 6092762 18 ). Pretransplantation patient characteristics are listed in Table 1 . Of 19 patients with AL amyloidosis (median age 47 years; range, 30-63 years), 13 patients had AL amyloidosis with monoclonal gammopathy and 6 patients had MM with symptomatic AL amyloidosis. All 4 MM patients classified as stage I had as single diagnostic criterion a monoclonal light-chain excretion in the urine greater than 1 g/d. Chromosomal analysis has been performed in 8 patients: 5 patients had a normal karyotype, 2 patients had deletion of chromosome 13 (UPN 16092762 and 1600231), and 1 patient showed deletion of chromosome 21 (UPN 23925391). Four patients underwent syn-SCT. Fifteen patients received an allo-SCT and are described in detail in this paper.
Indications for allo-SCT defined by the treating physicians were "young age" and relapsed or refractory disease. Dominant organ affection at SCT was mainly kidney. Five patients had amyloid cardiac disease. One patient had prior cardiac transplantation (UPN 16092762) and another patient was on dialysis at the time of SCT (UPN 1600237). The median number of organs involved was 2. The median duration from diagnosis to SCT was 9 months (range, 3-122 months). PS was graded as poor in 4 patients.
Pretreatment and conditioning regimens
Four patients were untreated. Eight patients had been treated with conventional chemotherapy and 3 patients with HDM and auto-SCT as front-line treatment, 2 of them followed directly by the allo-SCT (UPN 1600231; 81100832). Another patient had received HDM and auto-allo-SCT as salvage therapy (UPN 33998213). Altogether, 7 patients had been treated with HDM and auto-SCT. The median time interval between auto-and allo-SCT was 10 months (range, 2-30 months). Overall, only 4 patients were responsive to chemotherapy, but no patient reached CR before allo-SCT. The conditioning regimens are shown in Table 2 .
Donors and graft composition
Donors of stem cells were HLA-identical siblings in 12 cases, a mismatched related sibling in 1 case, and matched unrelated voluntary donors in 2 cases. Six patients had received bone marrow and 9 patients peripheral stem cell grafts. In 4 patients, grafts had For personal use only. on July 20, 2017. by guest www.bloodjournal.org From undergone ex vivo and in 6 patients in vivo T-cell depletion (TCD). The median CD34 ϩ and CD3 ϩ cell counts transplanted were 4.4 ϫ 10 6 cells/kg (range, 3.3 ϫ 10 6 to 12.4 ϫ 10 6 cells/kg; 11 patients evaluable) and 1.9 ϫ 10 8 cells/kg (range, 0.001 ϫ 10 8 to 9.5 ϫ 10 8 cells/kg; 9 patients evaluable), respectively.
Engraftment, chimerism, and acute toxicities
The posttransplantation patient characteristics are given in Table 2 . Fourteen of 15 patients engrafted. One patient died before engraftment (day ϩ28 without hematologic recovery). Chimerism data were available for 10 patients. Eight patients had 100% donor cells on day ϩ28 or ϩ100. One patient (UPN 38906001) who was treated with RIC rejected the graft and had autologous recovery. Another patient (UPN 24006981) had mixed chimerism on day ϩ100, lost the graft 6 months after T-cell depleted allo-SCT, and showed autologous recovery as well.
The median number of days with absolute neutrophil counts (ANCs) less than 0.5 ϫ 10 9 /L (500/L) was 15 days (range, 0-29 days) and with platelet counts less than 20 ϫ 10 9 /L (20 000/L) was 7 days (range, 0-44 days). The median number of red blood cell transfusions was 6 (range, 0-34) and of platelet transfusions was 3 (range, 0-22). The patient who did not engraft until day ϩ28 after a conventional conditioning and bone marrow SCT died from gastrointestinal hemorrhage. No further bleeding complications have been reported. For the different conditioning forms, the hematologic toxicity parameters were as follows: for conventional conditioning, ANCs less than 0.5 ϫ 10 9 /L (500/L) for a median of 18 days (range, 17-21 days) and platelet counts less than 20 ϫ 10 9 /L (20 000/L) for a median of 12 days (range, 0-23 days); for RIC, ANCs less than 0.5 ϫ 10 9 /L (500/L) for a median of 11 days (range, 0-29 days) and platelet counts less than 20 ϫ 10 9 /L (20 000/L) for a median of 1 day (range, 0-44 days).
We observed febrile infections in 8 patients and cytomegalovirus reactivation in 4 patients. Nonhematologic toxicity greater than grade 2 by CTC criteria was documented in 6 patients (worsening of renal function in 1 patient, renal failure leading to dialysis and cardiac death in 1 patient, cardiac arrhythmia in 1 patient, orthostatic hypotension in 1 patient, ascites in 1 patient, fatal gastrointestinal hemorrhage in 1 patient).
Graft-versus-host disease
Clinically relevant acute GvHD (grade II-IV) occurred in 6 of 14 patients at a median of 29 days (range, 15-65 days) after allo-SCT and was severe in 2 patients (grade III-IV). The patient with acute GvHD grade IV did not respond to steroids and died at day ϩ54 due to cerebral aspergillosis. Overall, 6 of 10 evaluable patients developed chronic GvHD: 1 patient had de novo chronic GvHD, and 5 patients had preceding acute GvHD. Four patients required treatment. Three of 4 patients responded to treatment. One of these 6 patients died ϩ41 months due to pneumonia acquired outside a hospital. For personal use only. on July 20, 2017. by guest www.bloodjournal.org From For personal use only. on July 20, 2017 . by guest www.bloodjournal.org From
Hematologic remission and organ response
Four patients were not evaluable for hematologic remission and organ response due to early death. Best hematologic remission included CR in 8 patients, partial remission (PR) in 2 patients, and nonresponse in 1 patient. Free light-chain assay in the serum was additionally used in 6 patients and confirmed CR in 5 patients. One patient had an abnormal kappa-lambda ratio, although, becoming immunofixation-negative and developing organ progression (Table  2 ; UPN 16092762). However, we rated this patient as still in CR because EBMT criteria were used for this analysis.
The median time from allo-SCT to CR was 3 months (range, 2-15 months). In 5 of 7 evaluable patients in CR, chronic GvHD was observed. Four of 4 evaluable patients with kappa isotype achieved CR (including the 2 patients with chromosome 13 deletion) compared with 4 of 8 patients with lambda isotype. One patient had a relapse 11 months after allo-SCT and is currently being treated with thalidomide/dexamethasone. Donor lymphocyte infusions have not been performed in any patient.
Organ responses were observed in 9 patients and stable disease in 1 patient. One patient had a cardiac transplantation and no further evaluable organ (UPN 16092762). Evaluable organ involvement is shown in Table 2 .
Overall survival and treatment-and disease-related mortality
Eleven of 15 patients have to be classified as high-risk patients for TRM as described in "Definitions and diagnostic criteria." The median follow-up time of all patients is 19 months (range, 1-121 months) and of surviving patients 31 months (range, 19-121 months). KaplanMeier probabilities of OS and PFS were 60% (95% confidence interval [CI], 40% to 91%) and 53% (95% CI, 33% to 86%) at 1 year and 52% (95% CI, 32% to 86%) and 46% (95% CI, 26% to 80%) at 2 years, respectively (Figure 1 ). The median OS and PFS are 42 and 19 months, respectively. The overall day ϩ100 mortality was 27%. Three of 6 patients died before day ϩ100 after conditioning including total body irradiation (TBI) with 8 to 12 Gy. Causes of TRM were acute GvHD grade IV and cerebral aspergillosis in 1 patient, gastrointestinal hemorrhage in 1 patient who did not engraft until day ϩ28, and EBV-related lymphoma in the third patient, who received a transplant of an ex vivo T-cell-depleted graft. One patient died at 41 months of pneumonia associated with chronic GvHD. Another 2 patients died of cardiac failure at days ϩ51 and ϩ166 while suffering from kidney failure or extensive chronic GvHD. Both had cardiac involvement before allo-SCT, which probably contributed to their death. Including these patients the overall TRM was 40%. Overall disease-related mortality was 13% and estimated at 1 year at 6.7% (95% CI, 1% to 48%).
Clinical results of T-cell depletion
Four patients received an ex vivo T-cell-depleted transplant and engrafted. Two patients developed severe acute GvHD and died early (days ϩ54 and ϩ106). The latter patient additionally developed an EBV lymphoma. The third patient lost the graft 6 months after transplantation and is alive in PR. The fourth patient had no response and died from organ progression 19 months after SCT. None of the patients developed chronic GvHD.
In a further 6 patients, conditioning included in vivo TCD, which was used as part of RIC in 5 of these patients. Two patients died of organ progression or TRM, 1 patient is alive in relapse, and 3 patients are alive in CR about 3 years after allo-SCT.
Clinical results in 4 patients untreated before allo-SCT
Two of 4 patients untreated before allo-SCT lost their graft either after TCD or minimal conditioning with 2-Gy TBI. Despite losing the graft after 6 months, autologous reconstitution occurred in 1 patient who is in PR and is a long-term survivor. The other patient also had autologous recovery. She had a poor PS at SCT and died of TRM. The third patient received a T-cell-depleted SCT, had no response of his myeloma, and died of organ progression. The fourth patient was a long-term survivor in CR and died of an infection related to chronic GvHD.
Syngeneic transplants
Patient characteristics are given in Table 1 . Three of the 4 patients had been unresponsive to melphalan/prednisone chemotherapy, 1 patient was untreated and had a previous liver transplantation. Two of the 4 patients had had a poor PS with advanced heart disease at the time of SCT and died early (days ϩ7 and ϩ18) of TRM (sepsis with cardiac arrest). As a noninfectious complication, nausea CTC grade III was observed in 1 patient. Two patients are long-term survivors (follow-up of ϩ97 and ϩ157 months), both are in CR and have organ response. Time from SCT to CR was 4 and 13 months, respectively.
Discussion
The treatment of AL amyloidosis aims at eradication of the clonal plasma cell disorder to avoid further amyloid formation and deposition. This is the first series describing allo-SCT in this disorder. Our data and a recently published case report 19 suggest a potent "graft-versus-plasma-cell-dyscrasia effect" in AL amyloidosis patients.
We retrospectively evaluated the results of 15 well-documented patients who received allografts from either related or unrelated HLA-matched donors. As best hematologic remissions, 8 CR were induced by allo-SCT. After a median observation of 31 months of surviving patients, only 1 relapse occurred using the EBMT criteria. The free light-chain assay is able to detect persistent plasma cell disease with a high sensitivity 29 and led to the identification of another patient with amyloidosis activity who had been considered in CR. Previously, a consensus opinion regarding remission criteria in AL amyloidosis had been published, 22 including normalization of the free light-chain levels as a further CR criterion.
The importance of achieving CR for OS and organ response has already been shown in the autologous setting. 3 Our data confirm For personal use only. on July 20, 2017. by guest www.bloodjournal.org From that achievement of CR is a main predictor for long-term survival after allo-SCT as well. Currently, 7 patients are alive; 5 are in CR between 19 and 121 months following allo-SCT with organ response. CR was probably associated with the presence of chronic GvHD. As in other hematologic diseases, 30, 31 our analysis shows that patients not sensitive to chemotherapy are able to achieve CR after allo-SCT. We assume that this is mainly due to immunologic effects. Due to the small patient number and heterogeneous types of conditioning used in this study, it is difficult to draw firm conclusions about the optimal time point of allo-SCT.
The CR rate in our study is encouraging and warrants further investigation. However, TRM was high with 40% and, in our opinion, several factors were contributing. First, 11 of 15 patients in our study have to be classified as high-risk patients for TRM. Therefore, the mortality of 40% is comparable to allo-SCT in other high-risk patients with malignant or nonmalignant diseases. [32] [33] [34] [35] Performance status is an important predictor for TRM, and a poor PS in AL amyloidosis patients is mainly caused by cardiac involvement. Of 6 patients with poor PS at allo-or syn-SCT, 5 died of cardiac events. As a second factor, TBI with 8 to 12 Gy was associated with high day ϩ100 mortality in our analysis. In MM and auto-SCT, TBI has mostly been deleted from conditioning regimens because of a significantly higher toxicity and lack of improvement of long-term results. [36] [37] [38] In contrast, TBI-including regimens have not been proven to be inferior to chemotherapy-only regimens in allo-SCT. 39 The importance of "full-intensity" or "reduced-intensity" conditioning remains a matter of debate. To reduce toxicity RIC could be a promising attempt in AL amyloidosis patients. Nonrelapse mortality has been reported to be significantly lower in RIC compared with conventional conditioning. 40, 41 The risk of severe acute GvHD is also reduced but rates of chronic GvHD have been observed to be similar. 42, 43 In our study, only 2 of 8 patients treated with RIC died of TRM compared with 4 of 7 treated with non-RIC. Of note, these 2 patients were in poor PS at SCT. Third, ex vivo TCD resulted in a worse clinical outcome. Comparable results have been observed in MM. 44 In contrast, 7 of 11 patients without ex vivo TCD achieved a CR and 5 are longterm survivors.
In conclusion, we believe that allo-SCT is a promising therapeutic option for patients with AL amyloidosis. In this study we observed a potent graft-versus-plasma cell-dyscrasia effect. Fullintensity conditioning with TBI or ex vivo TCD were associated with an unfavorable outcome. Patients could be eligible for allo-SCT if they have not achieved a CR 6 months after HDM with auto-SCT, are still in a good PS, and have an HLA-matched donor. A prospective phase 2 study for allo-SCT using RIC is planned by the EBMT.
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